The effects of radiation on matter depend on the radiation field, as specified by the radiometric quantities defined in Sections 2.1 and 2.2, and on the interactions between radiation and matter, as characterized by the interaction quantities defined in Sections 3.1 to 3.5. Dosimetric quantities, which are devised to provide a physical measure to correlate with actual or potential effects, are, in essence, products of radiometric quantities and interaction coefficients. In calculations, the values of the relevant quantities of each type must be known, while measurements often do not require this information.
Conversion of Energy
The term conversion of energy refers to the transfer of energy from ionizing particles to secondary ionizing particles. The quantity kerma relates to the kinetic energy of the charged particles liberated by uncharged particles; the energy expended against the binding energies, usually a relatively small component, is, by definition, not included. In addition to kerma, a quantity called cema is defined which relates to the energy lost by charged particles (e.g., electrons, protons, alpha particles) in collisions with atomic electrons. By definition, the binding energies are included. Cerna differs from kerma in that cerna involves the energy lost in electronic collisions by the incoming charged particles while kerma involves the energy imparted to outgoing charged particles.
Kerma 2
The kerma, K, is the quotient of dEtr by dm, where dEtr is the sum of the initial kinetic energies of all the charged particles liberated by uncharged particles in a mass dm of material, thus Unit: J kg--1
The special name for the unit of kerma is gray (Gy). 2 ~netic ~nergy ~eleased per unit mass.
The quantity dEtr includes the kinetic energy of the Auger electrons.
For a fluence, CP, of uncharged particles of energy E, the kerma, K, in a specified material is given by
where ILtj P is the mass energy transfer coefficient of the material for these particles.
The kerma per unit fluence, K/CP, is termed the kerma coefficient for uncharged particles of energy E in a specified material. The term kerma coefficient is used in preference to the term kerma factor previously used as the word coefficient implies a physical dimension whereas the word factor does not.
In dosimetric calculations, the kerma, K, is usually expressed in terms of the distribution, CPE, of the uncharged particle fluence with respect to energy (see Eq. 2.1.6a). The kerma, K, is then given by where ILtr/P is the mass energy transfer coefficient of the material for uncharged particles of energy E.
The expression of kerma in terms of fluence implies that one can refer to a value ofkerma or kerma rate for a specified material at a point in free space, or inside a different material. Thus, one can speak, for example, of the air kerma at a point inside a water phantom.
Although kerma is a quantity which concerns initial transfer of energy to matter, it is sometimes used as an approximation to absorbed dose. Equality of absorbed dose and kerma is approached to the degree that charged particle equilibrium exists, that radiative losses are negligible, and that the energy of the uncharged particles is large compared to the binding energy of the released charged particles. Charged particle equilibrium exists at a point if the distribution of the charged particle radiance with respect to energy (see Eq. 2.1.9a) is constant within distances equal to the maximum charged particle range.
Kerma Rate
The kerma rate, k, is the quotient of dK by dt, where dK is the increment of kerma in the time interval dt, thus Unit: J kg-1 S-l If the special name gray is used, the unit ofkerma rate is gray per second (Gy S-l).
Exposure
The exposure, X, is the quotient of dQ by dm, where dQ is the absolute value ofthe total charge of the ions of one sign produced in air when all the electrons and positrons liberated or created by photons in air of mass dm are completely stopped in air, thus
The ionization produced by Auger electrons is included in dQ. The ionization due to photons emitted by radiative processes (i.e., bremsstrahlung and fluorescence photons) is not to be included in dQ. Except for this difference, significant at high energies, the exposure, as defined above, is the ionization analogue of the air kerma. Exposure can be expressed in terms of the distribution, cPE , of the fluence with respect to the photon energy, E, and the mass energy transfer coefficient, iLtj p, for air and for that energy as follows
where e is the elementary charge, W is the mean energy expended in air per ion pair formed, g is the fraction of the energy of the electrons liberated by photons that is lost in radiative processes in air.
For photon energies of the order of 1 MeV or below, where the value of g is small, Eq. 4.1.3 may be approximated by X = e / W K(l -g), where K is the air kerma for primary photons and g is the mean value of g averaged over the distribution of the air kerma with respect to the electron energy.
As in the case of kerma, it may be convenient to refer to a value of exposure or of exposure rate in free space or at a point inside a material different from air; one can speak, for example, of the exposure at a point inside a water phantom.
Exposure Rate
The exposure rate,k, is the quotient of dX by dt, where dX is the increment of exposure in the time interval dt, thus Unit: C kg~l S~l 4.1.5 Cerna 3
The cerna, C, is the quotient of dEc by dm, where dEc is the energy lost by charged particles, except secondary electrons, in electronic collisions in a mass dm of a material, thus
The special name of the unit of cerna is gray (Gy).
The energy lost by charged particles in electronic collisions includes the energy expended against binding energy and any kinetic energy of the liberated electrons, referred to as secondary electrons. Thus, energy subsequently lost by all secondary electrons is excluded from dEc.
The cerna, C, can be expressed in terms of the distribution cPE , of the charged particle fluence, with respect to energy (see Eq. 2.1.6a). According to the definition of cerna, the distribution cPE does not include the contribution of secondary electrons to the fluence. The cerna, C, is thus given by
where Se/ p is the mass electronic stopping power of a specified material for charged particles of energy E, and Lx is the corresponding unrestricted linear energy transfer. For charged particles of high energies, it may be undesirable to disregard energy transport by secondary electrons of all energies. A modified concept, restricted cema, Cd, (Kellerer et al., 1992) is then defined as the integral
This differs from the integral in Eq. 4.1.4 in thatLoo is replaced by Ld and that the distribution cPE now includes secondary electrons with kinetic energies greater than .1. For .1 = 00, restricted cerna is identical to cerna.
The expression of cerna and restricted cerna in terms of fluence implies that one can refer to their values for a specified material at a point in free space, or inside a different material. Thus, one can speak, for example, of tissue cerna in air (Kellerer et al., 1992) .
The quantities called cerna and restricted cerna can be used as approximations to absorbed dose from charged particles. Equality of absorbed dose and cerna is approached to the degree that secondary electron equilibrium exists and that radiative losses and those due to elastic nuclear collisions are negligible. Such an equilibrium is achieved at a point if the fluence of secondary electrons is constant within distances equal to their maximum range. For restricted cerna, only partial secondary electron equilibrium, up to kinetic energy ,1, is required.
Cerna Rate
The cerna rate, 6, is the quotient of dC by dt, where dC is the increment of cerna in the time interval dt, thus Unit: J kg-1 S-1
If the special name gray is used, the unit of cerna rate is gray per second (Gy S-1).
Deposition of Energy
In this section, certain stochastic quantities are introduced. Energy deposit is the fundamental quantity in terms of which all other quantities presented here can be defined.
Energy Deposit
The energy deposit, Ei, is the energy deposited in a single interaction, i, thus
where Ein is the energy of the incident ionizing particle (excluding rest energy), Eout is the sum of the energies of all ionizing particles leaving the interaction (excluding rest energy), Q is the change in the rest energies of the nucleus and of all particles involved in the interaction (Q > 0: decrease of rest energy; Q < 0: increase of rest energy).
Unit: J
Ei may also be expressed in e V.
Ei may be considered as the energy deposited at the point of interaction, which is called the transfer point, i.e., the location where an ionizing particle loses kinetic energy. The quantum-mechanical uncertainties of this location are ignored.
The energy deposits and transfer points, without further details of the interactions that cause them, are sufficient for a description of the spatial distribution of energy deposition by ionizing particles.
Energy Imparted
The energy imparted, E, to the matter in a given volume is the sum of all energy deposits in the volume, thus
where the summation is performed over all energy deposits, Ei, in that volume.
Unit: J E may also be expressed in e V.
The energy deposits over which the summation is performed may belong to one or more (energy deposition) events; for example, they may belong to one or several statistically independent particle tracks. The term event denotes the imparting of energy to matter by statistically correlated particles. Examples include a proton and its secondary electrons, an electron-positron pair or the primary and secondary particles in nuclear reactions.
If the energy imparted to the matter in a given volume is due to a single event, it is equal to the sum of the energy deposits in the volume associated with the event. If the energy imparted to the matter in a given volume is due to several events, it is equal to the sum of the individual energies imparted to the matter in the volume due to each event.
The mean energy imparted, E, to the matter in a given volume equals the radiant energy, Rim of all those charged and uncharged ionizing particles which enter the volume minus the radiant energy, Rout. of all those charged and uncharged ionizing particles which leave the volume, plus the sum, !Q, of all changes of the rest energy of nuclei and elementary particles which occur in the volume (Q > 0: decrease of rest energy; Q < 0: increase of rest energy), thus 
Lineal Energy
The lineal energy, y, is the quotient of Es by [, where Es is the energy imparted to the matter in a given volume by a single (energy deposition) event and [ is the mean chord length of that volume, thus
Es is the sum of the energy deposits Ei in a volume from a single event and may be expressed in e V. Hence y may be expressed in multiples and submultiples of eV and m, e.g., in keY Jim-I.
The mean chord length of a volume is the mean length of randomly oriented chords (uniform isotropic randomness) through that volume. For a convex body, it can be shown that the mean chord length, 7, equals 4VIA, where V is the volume and A is the surface area (Cauchy, 1850; Kellerer, 1980) .
It is useful to consider the probability distribution of y. The value of the distribution function, F(y), is the probability that the lineal energy due to a single (energy deposition) event is equal to or less than y. The probability density, fey), is the derivative of F(y), thus dF(y) fey) = dY. 
Specific Energy
The specific energy (imparted), z, is the quotient of E by m, where E is the energy imparted to matter of mass m, thus
The special name for the unit of specific energy is gray (Gy).
The specific energy may be due to one or more (energy deposition) events. The distribution function, F(z), is the probability that the specific energy is equal to or less than z. The probability density, fez), is the derivative ofF(z), thus The distribution function of the specific energy deposited in a single event, FI(z), is the conditional probability that a specific energy less than or equal to z is deposited if one event has occurred. The probability density, f1(z), is the derivative of F 1(z), thus (4.2.4) For convex volumes, y and the increment, z, of specific energy due to a single (energy deposition) event are related by (4.2.5) where A is the surface area of the volume, and p is the density of matter in the volume.
Absorbed Dose
The absorbed dose, D, is the quotient of dE by dm, where dE is the mean energy imparted to matter of mass dm, thus
The special name for the unit of absorbed dose is gray (Gy).
In the limit of a small domain, the mean specific energy z is equal to the absorbed dose D.
Absorbed Dose Rate
The absorbed dose rate, b, is the quotient of dD by dt, where dD is the increment of absorbed dose in the time interval dt, thus Unit: J kg-1 S-l . dD D =dt .
If the special name gray is used, the unit of absorbed dose rate is gray per second (Gy S-l). 
